The magnetic nanoparticles play a crucial role as a drug carriers in the human body. The wedge like magnetic arrays creating a strongly non-homogeneous magnetic field are considered as a useful way to focus magnetic nanoparticles functionalized with various drugs or genes to desired sites. The goal of this study is to develop a numerical model of drug targeting using subcutaneously implanted magnetic microarrays. The Finite Element Method is applied to solve partial differential equations describing electromagnetic field (Maxwell equations) and motion of these particles in a given magnetic field is obtained solving set of ordinary differential equations expressed by Newton law of motion. The results are encouraging showing the potential to target drug to the tumour cell locally, without unwanted side effects.
Introduction
Nanomedicine is the application of nanotechnology to medicine and is based on mutually overlapping and progressively more powerful molecular technologies [1] . Nanomedical developments range from nanoparticles for molecular diagnostics, imaging and therapy to integrated medical nanosystems, which may perform complex repair actions at the cellular level inside the body in the future. Magnetic drug targeting (MDT) is one of the new regional drug therapies presently investigated for cancer treatment [2] [3] [4] [5] [6] [7] [8] [9] . The striking advantage of MDT is the reduction of side effects of chemotherapeutic agents for the patient due to applying the agents mainly to the desired target volume at the tumour. MDT is based on anticancer agents bound to ferromagnetic magnetite nanoparticles (diameter 15 -400 nm) with biocompatible starch coating suspended in a fluid [10] [11] [12] [13] [14] . The suspension is injected intra-arterially near the target volume. A magnet, positioned close to the tumour, drags the particles from the artery to the vasculature of the tumour and finally concentrates them in the tissue to be treated. The magnetic field has to be applied for a certain time, until the bond between the drug and the magnetic particle decays and the drug has penetrated the tumour-cells.
The goal of this study is to use Matlab communicating with FEMM software as an ActiveX client for comprehensive numerical analysis of implant assisted-magnetic drug targeting using the Finite Element Method (FEM) to solve partial differential equations describing electromagnetic field by Maxwell equations coupled to Newton law of motion given as a set of ordinary differential equations.
Theoretical model
Forces acting on moving magnetic particle in magnetic field localized in viscous medium are of different origins. The most important are magnetic forces due to all magnetic sources and Stokes' viscous drag force. Several other interactions, like thermal kinetics (Brownian motion) or particle fluid interactions and interparticle effects, e.g. magnetic dipole interactions, electric double layer interactions, and van der Waals force, but together with inertia, buoyancy and gravity, are their contributions to the overall force acting on particle negligible. Therefore we can consider in this paper only the magnetic and viscous drag forces. Trajectories of motion of magnetic particles in magnetic field and viscous fluid can be calculated using Newton's law: (1) where mp and vp are the mass and velocity of the particle, and Fm and Fs are the magnetic and Stokes' drag forces, respectively
Magnetic force
For the determination of magnetic force acting on magnetic particle we use method of "effective" dipole moment in which a spherical magnetic particle is replaced by "equivalent" point dipole moment m p,eff localized at the centre of particle. Its value depends on magnitude of intensity of applied field H a , rising from model based on self-demagnetization and magnetic saturation of magnetite particles
where μ is permeability of fluid environment. Magnetic force is therefore function of external magnetic field gradient and the magnetization of the particle. Before saturation, particles are linearly magnetized with their magnetic moment magnitude increasing in the direction of the external field. Beyond the saturation point, magnetic moment magnitude tends to a constant value. In this model the effective dipole moment can be expressed as (3) where we consider magnetic particle with radius R p and volume V p = 4/3 πR 3 p and a function (4) where χ p and χ f are the magnetic susceptibilities of the particle and ambient fluid, respectively, M sp is the saturation magnetization of the particle, and
If we assume nonmagnetic fluid (χ f = 0) and magnetic particles with high susceptibility (χ p >> 1), what is in the case of water as fluid environment and magnetite (Fe 3 O 4 ) as particles accomplished, then f (H a ) or better f (B) is (5) where B is magnetic flux density of external field and is valid: B/μ = Η α .
Magnetic field of permanent magnets
Sources of magnetic field, like permanent magnets, and surrounding material could be modelled by finite elements method. The simplest way is to consider magnetostatic problem, i.e. the timeindependent fields. In this approach, the field intensity (H) and flux density (B), with relation B=μΗ, limit Maxwell's equations on two of them (6) (7) where J is current density. According mentioned above and via a magnetic vector potential (A) approach, i.e. (8) equation (6), in the case of nonlinear material, when permeability is a function of B, becomes (9) For a linear isotropic material (μ = const.) will previous expression reduce in Coulomb gauge ( 0 = ⋅ ∇ A ) to (10) and, if we consider problems as planar ones, Β z = 0, the last equation leads to scalar elliptic partial differential equation (11) that numerical solution using FEM [15] is the basis of David Meeker FEMM [16] program used in this study for magnetic flux density determination. An excellent review of the FEMM capabilities has been recently published in this journal by Baltzis [17] .
Stokes' drag force
In our model we consider in addition to magnetic force also fluidic force acting on moving particle in fluid medium. Its magnitude is determined by Stokes' law for the drag on a sphere with radius R p in uniform flow, (12) where η and v f are the viscosity and the velocity of the fluid, respectively, and v p is the velocity of the particle. Spherical magnetic micro-and nanoparticles are moving in capillary which diameter is much greater than the size of particle. Velocity of flowing fluid in capillary with radius R c is determined from NavierStokes equation of Poiseuille-flow problem of Newtonian fluid with no-slip boundary condition [18] . In terms of average speed f v of flowing fluid we can write (13) where ν f (r) is velocity of fluid in axial direction of capillary in distance r from its axis. If we consider planar problem, holds in Cartesian coordinates system, with x coordinate axis identical with capillary axis, that: y = r , and (14) i.e. infinite capillary is replaced by infinite parallel-plate channel.
We have also considered configuration of magnetic field sources with non-moving fluid medium. In this case is the fluid ambient quiescent, i.e. v f (y) = 0 m.s -1 .
Equations of motion
In the next step computed magnetic flux density of studied arrangements of permanent magnets by FEM analysis were extracted from FEMM program and used for calculation of trajectories. [19] scripting language interface associated with FEMM. Movement of magnetic particles in the plane in magnetic field with flux density B in flowing Newtonian fluid with viscosity η is finally described by system of ordinary differential equations (15) where m p and V p are the mass and the volume of particle, respectively. Gradient of flux density components was calculated numerically in each point of trajectory from the definition by replacing limit of space element by element of dimension ten times smaller than maximal size of mesh elements of the FEM model.
Results and discussion
We have analyzed magnetite (Fe 3 O 4 ) particles, with density ρ p = 5000 kg.m -3 and a saturation magnetization M sp = 4.78×10
, in the magnetic field of a given arrangements of permanent neodymium magnets, in moving fluid medium, described by Poiseuille flow in infinite parallel-plate channel as well as for non-moving fluid ( f v = 0 m.s -1 ). Theoretical model described in previous section have been used with ode23s numerical solver of software Matlab 7.0 (The MathWorks, 2004).
Computed trajectories of magnetite particles with radius 50 nm and 10 μm moving in flowing water with average velocity 1 mm.s -1 in the field of small magnets with millimetre dimensions are shown in Fig. 2 . As can be seen particles are attracted to the margin of capillary in the location of applied field depending on the initial position, initial velocity, and size of particle. Potential applications of such a small magnets for targeting of magnetic particles is especially important when using particles with sizes in micrometers, having capture radius of magnetic field in flowing water small, due to the fact that particles are dragged by viscous forces of the moving fluid. But it is necessary to remark, that for instance in real blood supply of target tissue or tumour the capillaries are of small diameter, therefore tumour embolization should also be taken into account. On the other hand when we consider blood vessels with the same diameter as in our calculations the average speed of flowing blood is in orders of a few cm.s -1 . Further we have studied FEM model of high gradient magnetic field in the vicinity of ferromagnetic dots with radius 5 μm placed in a homogeneous external magnetic field (HMP). As a ferromagnetic material we used supermalloy in HMP with a moderate flux density 0.46 T (Fig. 3) .
Mean capture time needed for attraction of magnetite nanoparticles (radius 50 nm) by such a dots is approximately 15 ms and effective capture radius is 20 μm, thus the distance is comparable to cell sizes, which means that such arrangement is feasible for in vitro targeting of effective compounds (e.g. DNA or siRNA [20] ) carried by magnetic nanoparticles into cells cultured on the surface with ferromagnetic dots. Such dots could be also used in vivo as subcutaneously implanted micro targeting system on surface of vessels or tumours for effective drug capturing.
Conclusions
The ultimate goal of magnetic drug targeting is to achieve a high concentration of drug in the target region. In this study, which from the computational point of view can be considered as a continuation of Baltzis review [17] , we have shown that using FEMM program package several important questions of this expanding field of biomedical research can be addressed theoretically before complicated and expensive experiments on living animals and we hope that these findings will provide a useful basis for future magnetic implants design for effective magnetic targeting of therapeutics in vivo.
